Abstract: The composition of the outer membrane in Gram-negative bacteria is asymmetric, with the lipopolysaccharides found in the outer leaflet and phospholipids in the inner leaflet. The MlaC protein transfers phospholipids from the outer to inner membrane to maintain such lipid asymmetry in the Mla pathway. In this work, we have performed molecular dynamics simulations on apo and phospholipid-bound systems to study the dynamical properties of MlaC. Our simulations show that the phospholipid forms hydrophobic interactions with the protein. Residues surrounding the entrance of the binding site exhibit correlated motions to control the site opening and closing. Lipid binding leads to increase of the binding pocket volume and precludes entry of the water molecules. However, in the absence of the phospholipid, water molecules can freely move in and out of the binding site when the pocket is open. Dehydration occurs when the pocket closes. This study provides dynamic information of the MlaC protein and may facilitate the design of antibiotics against the Mla pathway of Gram-negative bacteria.
Introduction
The cell envelope of Gram-negative bacteria consists of two different membranes, the outer membrane (OM) and the inner membrane (IM), which are separated by the periplasm 1 (Fig. 1) . The OM in Gramnegative bacteria has an asymmetric lipid distribution, with lipopolysaccharides at the outer leaflet and phospholipids at the inner leaflet. To maintain this lipid asymmetry, an ATP-binding cassette (ABC) transport system prevents phospholipid accumulation in the outer leaflet by the action of proteins in the Mla pathway that remove the misplaced phospholipids from the OM. 2, 3 Inactivating any of the key components from the Mla pathway increases permeability of OM, impairs bacterial functions, and increases sensitivity to antibiotic treatment. The MlaC protein is one of the key elements in the Mla pathway in Gram-negative bacteria. It functions as a lipid-transfer protein, delivering the phospholipid from OMs to IMs to maintain membrane integrity. 3 The crystal structure of MlaC-phospholipid complex from Ralstonia solanacearum shows that MlaC protein is folded into nine alpha helices and five beta stands (Fig. 2) . The hydrophobic fatty acids of the phospholipid are located inside the protein and make direct contacts with the a1, a6, a7, b3, and b4 regions. As a novel antibiotic sensitizing concept, one can design small molecules that bind to the Mla proteins to interrupt the phospholipid transport on the membranes and limit the viability of bacteria during infection and therapy. As a first potential adjunctive antibiotic design, understanding the dynamical properties of the Mla proteins can provide an instructive platform to identify latent drug-binding pockets and further implement the design. To this end, in silico molecular dynamic modeling has served as a powerful tool to generate a series of conformations that show the physical movements of a protein. A number of existing studies through molecular dynamics (MD) investigation have successfully provided useful information for drug discovery. [4] [5] [6] In this work, we sought to obtain dynamic insights of the MlaC protein through computational modeling. To better understand dynamic motions of the MlaC protein from different organisms, we performed MD simulations of MlaC from both Ralstonia solanacearum and Acinetobacter baumannii. The mechanisms of phospholipid binding, correlated protein motions and dynamics of water molecules were investigated in detail.
Results and Discussion

Phospholipid binding
The BLAST calculations show that the sequence identity of MlaC protein between Ralstonia solanacearum and Acinetobacter baumannii is 29%. Albeit with a low sequence identity, most residues surrounding the lipid-binding site, such as a3, a7, b3, and b4, are either the same or share similar amino acid properties (Fig. 2) .
The lipid-binding site of MlaC protein is composed of a large number of hydrophobic residues (Fig. 3) . Furthermore, the nonpolar side chains of these residues, Leu, Ile, Val, Lys, and Phe, can move in unison with hydrophobic fatty acids of the phospholipid. Thus, the phospholipid tails are mobile within the binding site. In contrast to the hydrophobic tails that form close interactions with the protein, the hydrophilic phosphate head group of the lipid is exposed to solvent; and it is highly flexible shown from the RMSD calculations (Fig. 4) .
Flexibility and rigidity of MlaC protein
The RMSD is a measure of average distance between atoms of two structures, which indicates To better understand structural variations surrounding the lipid-binding site, we examined RMSD of MlaC protein within 5 Å of the phospholipid. As shown in Figure 5 (B), generally, the free MlaC proteins display larger RMSD than the complexes. This indicates that the binding of the phospholipid restricts motions of MlaC protein and reduces the plasticity of the binding site.
In addition to the study of global and local conformational flexibility, we measured RMSF of Ca on the protein backbone to illustrate the fluctuations of each residue over the simulation time. Figure 6 shows that the loop between b2 and b3 and the loop between b4 and b5 are highly flexible. Notably, these two loops are located near the entrance of the lipid-binding site, implying that the plasticity of the loops could allow the protein to alter the shape We further examined the distance changes of several residues surrounding the lipid-binding site. Figure 8 shows that the Ala112 (Ala119)-Ser169 (Ser176) and Val116 (Tyr123)-Ser169 (Ser176) distances are increased when the phospholipid is bound to the MlaC protein. Notably, all these six residues are located at the entrance of the binding site, Ala112 (Ala119) and Val116 (Tyr123) are in a7, and the Ser169 (Ser176) are in b5. This indicates that the movement of a7 and b5 can alter the size of the lipid-binding site and change the binding pocket from the open to closed form.
Correlations
Because the binding pocket size changes between the lipid-free and -bound states, we inspected if any correlated motions of the protein that could help to adjust the protein conformations and adapt for lipid binding. Calculations of generalized correlation show that two highly correlated motions occur near the lipid-binding site (see Fig. 9 ). First, a7 correlates with b2 and b3. Second, a7 correlates with a2. Accordingly, with motion of a7, loops near a2, b2 and b3 can co-evolve to change the shape and size of the binding site. These correlated motions are also shown in Apo and Holo MlaC (A. B.).
Water molecules in the phospholipid-binding site
Water molecules could play an important role in ligand binding, and understanding of the water dynamics may facilitate further drug design. 7 Hence, we calculated the number of water molecules in the binding site in both the absence and presence of the phospholipid (Fig. 10) . From our calculations, both Holo MlaC (R. S. and A. B.) show less than 20 waters in the binding pocket upon lipid binding. In the lipid-free state, Apo MlaC (R. S.) displays that water molecules can freely move in and out from the binding pocket, thus, the number of waters fluctuates significantly. However, in Apo MlaC (A. B.), dehydration occurs because the hydrophobic residues around the binding site form contacts when the . ) system, the side chains of two Phe residues, Phe120 and Phe158, point into the pocket, which exclude waters. However, in the Apo MlaC (R. S.) system, Leu113 and Tyr152 replace the position of Phe120 and Phe158, respectively. The hydroxyl group of Tyr152 allows some water molecules to move around and the side chain of Leu113 is smaller than Phe120, which explains why more waters are in the Apo MlaC (R. S.) binding site.
Conclusions
In this study, we investigated dynamic properties of an important bacterial lipid-transfer proteinMlaC. MD simulations were carried out on both lipid-free and lipid-bound states of MlaC protein from Ralstonia solanacearum and Acinetobacter baumannii. Our simulations showed that the hydrophobic tails of the phospholipid form nonpolar contacts with the protein and that the hydrophilic head of the phospholipid can freely move in the solvent. The binding of the phospholipid restricts the motions of the protein, especially the residues around the binding site. In addition, loops near b2, b3, b4, and b5 are flexible; and a7 can co-move with a2, b2, and b3. These protein motions surrounding the entrance of the lipidbinding site tune the shape and size of the binding pocket to accommodate the substrate binding. The open and closed forms of the binding site were thus observed. The calculations of pocket volume showed that the size of the binding site decreases markedly once the phospholipid is released from the protein. Finally, analysis of water motions suggested that, in the lipid-free state, the opening of the pocket allows water molecules to stay in the lipid-binding site; however, the waters are released from the pocket during closing of the binding site.
Methods
Molecular systems
In this study, we considered the MlaC proteins from Ralstonia solanacearum and Acinetobacter baumannii. For comparison, sequence alignment was performed on the MlaC proteins from the two source bacteria using Basic Local Alignment Search Tool (BLAST). 8 Four systems of MlaC protein were studied in this work (Table I) : (1) System 1: The MlaC protein in complex of a phospholipid [named, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE)] from Ralstonia solanacearum was taken from Protein Data Bank (PDB) with the code 2QGU, (2) System 2: Creation of an apo MlaC protein from Ralstonia solanacearum by removing the phospholipid in System 1, (3) System 3: Construction of a MlaC protein structure in Acinetobacter baumannii by performing homology modeling on the i-Tasser server, 9 using 2QGU coordinates as a template, and (4) System 4: Building of a MlaC protein-phospholipid complex through re-docking the phospholipid back to System 3.
MD simulations
Before starting MD simulations, we applied the software Propka version 3.1 to assign static protonation states of the MlaC protein at physiological pH 7.0.
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The standard Amber 14 package with graphics processing unit (GPU) acceleration was applied for MD simulations. [11] [12] [13] The protein and phospholipid were modeled using the Amber 14SB and Amber lipid14 force field, respectively. 14,15 First, we minimized the MlaC systems regarding the hydrogen atoms, side chains, and the entire protein complex for 500, 5000, and 50,000 steps, respectively. The protein structures were solvated in a rectangular box of the TIP3P water molecules with a 12 Å buffer region. 16 The counterion, Cl 2 , based on the Coulombic potential, was added to neutralize the systems. Then, the water molecules and entire system were minimized for 1000 and 5000 steps with periodic boundary condition in a constant volume, respectively. After water equilibration for 100 ps, all molecules, including protein, substrate, ions and solvent, were gradually relaxed by heating the system at 50, 100, 150, 200, 250, and 300 K for 10 ps, respectively. We turned on the particle mesh Ewald to consider long-range electrostatic interactions; 17, 18 and the Langevin thermostat with a damping constant of 2 ps 21 was also applied to maintain a temperature of 300 K. The SHAKE algorithm was used to constrain hydrogen atoms during the MD simulations. 19 The resulting trajectories were collected every 1 ps with a time step of 2 fs at the isotropic pressure in the isothermic-isobaric (NPT) ensemble, and the total simulation time of each system was 100 ns. No restriction of the protein in all simulations here.
Analysis of simulation data
The root-mean-square deviation (RMSD), root-meansquare fluctuation (RMSF), distance of atoms and number of water molecules located in the lipidbinding site were calculated using VMD. 20 The volumes of the lipid-binding site were predicted using the POVME program, version 2.0, with snapshots extracted every 50 ps from the MD simulations. 21 We measured generalized correlations that include mutual information of nonlinear contributions of the protein by applying the g_correlation program in Gromacs 4.5.5 package developed by Lange and Grubm€ uller. 22 The MD trajectories and snapshots were examined using both VMD and PyMol packages. 20, 23 
